Data from quiescent hearts are averages of corresponding values from five hearts; each value for contracting hearts is the concentration of glycogen present in a single slice. Kl O O
• Early studies on the heart by histological techniques, as recently reviewed by Schiebler, 1 have indicated a higher concentration of glycogen in the conduction system, than in the rest of the heart. The distribution of cardiac glycogen has been studied by chemical determination in whole atria and ventricles by Davies et al. 2 and by Weisberg and Rodbard. 3 They showed that in mammals the atria contain a higher concentration of glycogen than the ventricles.
A different approach to the regional metabolism of the heart was initiated in the studies presented in this paper. An analysis of the spatial distribution of glycogen at various sites from endocardium to epicardium was made in four species of mammal. 4 In addition, the concentration of glycogen in the conduction system (A-V node and bundle of His) of heart was compared with that of the myocardium. A large diminishing gradient of glycogen concentration was observed proceeding from endocardium to epicardium of right and left ventricles. These observations led to a comparison of glycogen distribution and phosphorylase distribution, since phos-phorylase is one of the enzymes essential for the hydrolysis of glycogen. The finding of a concentration gradient of glycogen and phosphorylase across the cardiac walls raised the question as to whether during contraction the glycogen of a particular region is utilized preferentially over any other. To test this, contracting rabbit hearts were perfused with Feigen's solution, without glucose, and the walls were then sectioned and analyzed for glycogen content to determine glycogen disappearance.
Methods
Four groups of experiments were conducted as follows:
GROUP I. GLYCOGEN DISTRIBUTION IN THE LAYERS OF THE MYOCARDIUM
The opposite sides of ventricular walls of rabbit hearts were compared with respect to glycogen concentration. Rabbits were rendered unconscious by a blow on the head. In all experiments to be described, hearts were excised rapidly and plunged immediately into ice water; this produced cardiac arrest within 10 seconds of immersion. Right and left ventricles and septa were removed as rapidly as possible. In this group of experiments ventricles were divided transversely into "apex," "mid," and "base," and each section was then cut longitudinally in the center between endocardium and epicardium. All parts were weighed and glycogen concentration was determined as described below.
In a more detailed study of glycogen distribution, determinations were made in hearts of nine rats, five rabbits, five dogs, and three oxen. Rats were either decapitated or, to study the effects of anesthesia on cardiac glycogen, anesthetized with ether or sodium pentobarbital (5 mg/100 g, intraperitoneally). Again rabbits were rendered
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unconscious by a blow on the head. Dogs were anesthetized with sodium pentobarbital (30 mg/ kg, intravenously). Oxen had been slaughtered by standard slaughterhouse procedures without anesthesia. In the larger animals, each wall was cut transversely into three sections: "apex," "mid," and "base." In rats, the walls were not divided transversely. Either the entire wall (in the rats) or a section of it (in the other animals) was then sliced sequentially, parallel to the endocardia! surface, from endocardium to epicardium with a Stadie-Riggs slicer. With ox hearts, the A-V node and right branch of the bundle of His were removed. Because of the great thickness of the walls, only a transverse section about 2 cm X 2 cm was removed from the midsection of each wall and cut with scissors from endocardium to epicardium. The order of slicing, whether from endocardium to epicardium, or vice versa, was found to have no effect on the results obtained.
As soon as a slice was cut it was weighed and placed on parafilm at room temperature. To carry out this part of the experiment as rapidly as possible, one person sliced the sections, while another person weighed the slices. When all the weighings were completed each slice was placed in 1 ml of 30% KOH as rapidly as possible (all within a minute after the last weighing). The tubes were heated in a boiling water bath in preparation for determination of glycogen. The slices were all placed in KOH at approximately the same time so that any loss in glycogen with time would probably affect all of them equally, since the primary purpose of this study was to compare the relative glycogen distribution throughout the heart.
Because of the small quantities of glycogen involved it was necessary to remove impurities for glycogen analysis by the anthrone method of Seifter et al.°G
ROUP II. GLYCOGEN DETERMINATION IN CONDUCTION SYSTEM TISSUE
The glycogen distribution in the conduction system of the ox heart was determined for comparison with the glycogen distribution in the myocardium. The ox heart was used because its conduction system is enclosed in a sheath," consequently the A-V node and right bundle branch may be easily dissected free of the myocardium. The right ventricle was slit open and the right side of the septum exposed. The endocardium was stripped from the septum, and the right bundle branch was removed to the point of bifurcation by blunt dissection. The course of the bundle was traced to the A-V node, which was similarly removed. The identities of the A-V node and the right bundle branch were confirmed by histological sections. The entire A-V node was analyzed, the right bundle branch was cut transversely with scissors into several sections, and each section was then weighed and analyzed individually for glycogen by the methods described in Group I.
GROUP III. PHOSPHORYLASE DISTRIBUTION IN LAYERS OF THE MYOCARDIUM
Determinations were made in 18 rabbit hearts excised and sliced by the same techniques described in the Group I experiments. However, the entire wall was sliced without transverse division. Because of the rapidity with which the enzyme is inactivated in a given tissue, only one wall of a heart was sliced for assay.
Phosphorylase activity was measured by the method of Cori and Illingsworth 8 in the direction of glycogen synthesis by determination of phosphate released from glucose-1-phosphate. phosphorylase glycogen + glucose-1-phosphate + glycogen (-1 glucose unit).
which could yield interfering color reactions. Therefore, a micro method, based on that of Osterberg,"' was devised for precipitation of glycogen. Clycogen was precipitated by the addition of 3 ml of 95% ethyl alcohol and 0.2 ml of 2.5% sodium sulfate, followed by heating to the boiling point in a water bath. After cooling, precipitates were allowed to settle overnight in a cold room at 4°C. The tubes were then centrifuged at 3,500 rev/min in a Clay-Adams clinical centrifuge for 15 minutes. Precipitates were dissolved in 5 ml of water and aliquots deriving from approximately 15 mg of wet weight of tissue were taken Circulation Research, Volume XIV, March 1964 Immediately after the slices were weighed, they were placed in cold 30-ml porcelain mortars containing 1 ml of 0.001 M disodium Versene buffer at pH 7 and 0.02 M NaF. Additional buffer solution was added to bring the final volume to 3 ml/100 mg tissue, as suggested by Kukovetz et al. 9 All tissues were ground thoroughly and at the same time. The suspensions were centrifuged at 3,500 rev/min and 0.2 ml of supernatant was incubated with substrate containing sodium adenylate (for determination of total phosphorylase activity) and without adenylate (for determination of phosphorylase "a" activity). The incubations were carried out for five minutes at 30°C as described by Cori and Illingsworth. 8 The reaction was stopped by the addition of 7 ml of 0.2 M sulfuric acid; 2 ml aliquots were then taken for phosphate analysis by the method of Fiske and Subbarow. 10
GROUP IV. DETERMINATION OF GLYCOGEN UTILIZATION BY THE PERFUSED ISOLATED HEART
Perfusion studies were carried out with isolated beating rabbit hearts, by the Langendorff technique. 11 These were set up within 10 minutes after the unanesthetized animals were rendered unconscious by a blow on the head. To maintain spontaneous forceful cardiac contraction, the oxygenated and osmotically balanced salt medium developed by Feigen et al. 12 was used for perfusion, except that glucose was omitted to ensure glycogen utilization. The buffer present in the medium prevented undue accumulation of carbon dioxide. The perfusate was kept at a constant temperature of 38°C in order to maintain relatively constant heart rates. In each experiment, the cardiac perfusion was initiated as quickly as possible and was continued for times varying from three to 15 minutes in five experiments. The hearts were connected to a tension gauge in order to ensure that the musculature contracted against a constant load for the duration of the experiment. Coronary drainage was observed to be continuous. In view of the short time of the experiment, tension records were not made. From previous work with this preparation it could be anticipated that electrolyte balance was maintained. Immediately after perfusion, cardiac ar-rest was produced by placing the heart in ice water, and the right and left ventricles and septum were removed and sliced for glycogen analysis as described in methods for Group I. Table 1 summarizes experiments with rabbit walls divided in half between endocardium and epicardium. In right and left ventricles, the endocardial halves contained almost twice the glycogen concentration of the epicardial portions. In the septa, the left halves contained more glycogen than the right. A markedly diminishing gradient from apex to base was observed in both sections for all walls. It was on the basis of these results that the more detailed analyses of hearts to be described were carried out.
Results
GLYCOGEN DISTRIBUTION STUDIES IN MYOCARDIUM
In all the figures presented, the horizontal axis represents a progression of values for glycogen or phosphorylase concentration for successive adjoining slices. The first and last values are always those of the superficial layers of the walls and are therefore always comparable. The intervening values are not strictly comparable because of the varying number of samples derived from three walls of different thickness. Figure 1 ° summarizes the results of determinations of glycogen distribution throughout the walls of the rat heart. These values are lower in hearts from decapitated animals than in hearts of animals anesthetized with ether or sodium pentobarbital. One of the factors responsible for the lower values observed with decapitated animals was probably hypoxia of the heart, caused both by hemorrhage and lack of pulmonary ventilation between the time of decapitation and removal of the heart for analysis. It was shown by Evans 13 that anoxia causes glycogen depletion in the heart. In the wall of the left ventricle a concentration gradient was observed which decreased from endocardium to epi-° Whenever endocardium and epicardium appear in figures and tables, the abbreviations Endo. and Epi. are used. cardium. In the septum and in the right ventricle, a decrease in concentration was apparent from wall surface to interior. From the highest to the lowest values, the glycogen concentration in the ventricles of the rat showed about a twofold difference, in contrast to the other animals studied (see below). This smaller gradient might be due to the fact that the walls of the rat heart are too thin for more than a few slices, thus possibly masking a larger gradient. Figure 2 shows the results of the determination of glycogen distribution across the walls of the rabbit heart. A definite decrease in glycogen content was found in layers proceeding from endocardium to epicardium in the walls of each ventricle. As much as a sixfold difference in concentration was observed. In the septum, where values refer to layers proceeding from endocardium of left side of the Distribution of glycogen throughout walls of rabbit heart.
heart to endocardium of right side of the heart, a greater concentration was found in the endocardial layers than in the center. A concentration gradient was also apparent proceeding from apex to midportion to base in all three walls, decreasing in that order. Figure 3 shows results of similar determinations on dog hearts. The pattern of distribution of glycogen from endocardium to epicardium was quite similar to that for the rabbit heart. The concentration of glycogen was higher throughout, but the relative dim-inution in concentration at the epicardial layers as well as the distribution in the septum were similar in both species. In neither were there significant differences in concentration among right and left ventricles and septum.
Because of the great variations in size among the ox hearts, a representative experiment is shown in figure 4 , rather than an average for the three hearts studied. As was observed in other species, the maximum glycogen concentration in ventricular myocardium occurred in the endocardial layer. There was a rather abrupt drop in concentration from the endocardium to a low level at which it remained, with minor fluctuations, to the epicardium. In the septum, both endocardial layers contained larger concentrations of glycogen than the region between them which had a wide zone of smaller and rather constant concentration. A large number of slices could be made in the ox heart. There is a low density of Purkinje fibers in the greatest part of the cross section of a thick walled heart. Therefore the low values become significant with respect to analysis of the composition of the musculature compared with the separated conduction system tissue. Each of the four types of animals studied had its individually shaped curves with patterns which were reproducible in all experiments. The absolute glycogen values did vary from heart to heart; with improved techniques for excising the hearts, it may be possible to determine whether these concentration differences are a normal variation in animals. Control experiments were carried out on the effect of time on the shape of the curves with rat slices and rabbit walls which had been divided in half longitudinally. One set of halved slices were at room temperature for 20 minutes longer than the other set. There was a loss of glycogen with time, but the patterns for glycogen distribution were not altered appreciably.
Circulation Research, Volume XIV, March 1964
GLYCOGEN DISTRIBUTION IN CONDUCTION SYSTEM
When the conduction system tissues from the three ox hearts were analyzed for glycogen content, they were found to have the highest concentrations of glycogen of any part of the heart. This was particularly evident for the right bundle branch. Table 2 shows the glyco- gen concentrations in sections of the right bundle of His cut transversely from the base of the heart near the A-V node to the apex at the lowest point at which it was superficial to the septum. It was interesting that here too a gradient of concentration was observed which increased progressively from base to apex. In the three experiments carried out with the ox heart, the highest values obtained in the bundle were at least four times greater than for the endocardial layers of the myocardium. The A-V node was sectioned in only one experiment, and the concentration of glycogen did not vary. An average value of 6.5 /ag of glycogen/mg of tissue was observed for the three experiments. These values were intermediate between those of the myocardium and the bundle of His. Figure 5 presents data on the total phosphorylase and phosphorylase "a" concentrations across the walls of the rabbit heart, as /xM of phosphorylase released per mg of tissue. In these hearts, a definite decrease in tissue phosphorylase activity was found in layers proceeding from endocardium to epicardium in each ventricle. Both total phosphorylase and phosphorylase "a" decreased to an average of 62% of the highest endocardial values. Each tissue sample was diluted to the same final concentration in disodium Versene buffer, so that phosphorylase "a" values would be comparable and dilution effects minimal. Table 3 shows the regional distribution of glycogen in isolated beating rabbit hearts after 3 to 15 minutes perfusion with a glucosefree medium. As in the quiescent control hearts, glycogen distribution across the walls of the contracting hearts showed a concentration gradient which decreased in layers from endocardium to epicardium, and from apex to base. In any one perfused heart, the relative decrease of glycogen below corresponding control values was similar in all parts of the heart.
PHOSPHORYLASE DISTRIBUTION
GLYCOGEN UTILIZATION STUDIES
In general, the disappearance of glycogen from the perfused hearts increased with perfusion time in four of five hearts. Experiment no. 4 was the only experiment in which this relationship was not observed. This discrepancy might be due to the variable time lapse Phosphorylase distribution across walls of rabbit heart. Results are expressed as (iM of phosphorus/mg tissue released after five minutes of incubation at 30°C. Single representative experiments are shown in each of the above curves. Per cent decrease across the wall in an average of six experiments is presented with each curve. between excision of the hearts and start of perfusion during which a variable amount of glycogen was probably lost.
$• Chjcogen Distribution in Quiescent and Contracting Rabbit Hearts '
Discussion
The experiments presented show that glycogen concentration varies in a consistent pattern throughout the ventricles and septum of mammalian hearts. A gradient of concentration for total and phosphorylase "a" was observed in the walls of the rabbit heart. The gradient for total phosphorylase and phosphorylase "a" paralleled in direction the gradient for glycogen concentration. The per cent change was of a smaller magnitude, a somewhat less than 50% diminution having been observed across the walls. The fact that one of the enzymes necessary for the mobilization of glycogen was distributed in the same pattern as glycogen suggests that the glycogen was distributed in this manner in association with some function. There is interesting work in the literature which shows that phosphorylase is activated in the heart in the presence of certain physiologically active agents. For example, Kukovetz et al. 9 and Belford and Feinleib 14 have found that sympathetic amines which produce a positive inotropic action on the isolated rat heart increase the active "a." form of phosphorylase, although total phosphorylase activity remains unchanged.
A concentration gradient for glycogen was observed in our laboratory not only for the walls of the heart, but for the bundle of His as well. The concentrations of glycogen throughout the bundle were considerably higher than those of the rest of the myocardium. This was in accord with earlier histological studies which have indicated that large amounts of glycogen are associated with the conduction system. 1 Cardwell and Abramson" have studied the distribution of the conduction system in the ventricles of beef heart by India ink injection into the sheath which surrounds this system. They found that the system was chiefly subendocardial. In the septum, there was a definite subendocardial network at each surface. No Purkinje fibers were found at the base of the heart. Our studies have shown high concentrations of glycogen throughout the right bundle branch and higher amounts in the subendocardial layers compared to subepicardial layers of the ventricles. These results, coupled with the anatomical findings of Cardwell and Abramson, 7 suggest that the concentration gradients which we observed are probably related to the distribution of the conduction system, since the number of Purkinje fibers decrease from endocardium to epicardium. This is also indicated by the lower values for glycogen concentration observed in the base of the heart compared to the apex. In the ox heart it was possible to have many longitudinal sections, because of the thickness of the walls. In this species a wide zone of fairly constant concentration was observed which may represent truer values for ventricular muscle.
When hearts contracted without an external energy source the cardiac glycogen became a main source of energy, with glycogen utilization proportional throughout the walls. The values suggest that utilization at any site is roughly proportional to the concentration present at that site in the quiescent heart.
It has been demonstrated by Hers and de Duve i!i that cardiac muscle resembles skeletal muscle with respect to glucose-6-phosphatase activity. Both types of muscle contain minimal amounts of this enzyme compared to liver and kidney which can readily hydrolyze glucoses-phosphate and release free glucose into the circulatory system. As suggested by Cori and Cori, 10 for skeletal muscle, this indicates that any glycogen which disappears from the heart would be utilized through the glycolytic pathway or through oxidation to 6-phosphogluconate; both pathways would be a source of energy. Therefore when glycogen concentration in the heart diminishes, energy is produced and it would be reasonable to assume that it could be utilized for the contractile process.
Summary
In rat, rabbit, dog, and ox hearts, the glycogen concentration varied throughout the walls. The concentration gradient decreased from endocardium to epicardium in the right and left ventricles. In the septum, the interior part of the wall had a lower concentration of glycogen than tissue sections closer to the endocardial surfaces. The maximum values for glycogen concentration in endocardial sections were from two to six times higher than the minimum values. This gradient was much greater than the 30% differences observed between apex and base of the ventricles. Since our studies have demonstrated a very large variation for glycogen content in layers of myocardium parallel to sides of the ventricular wall, there is an obvious need for caution in sampling hearts for glycogen analysis.
In the ox heart, the right bundle branch and A-V node were dissected out, and the glycogen values were compared with those for the rest of the myocardium. Glycogen values of the conduction system, especially of the bundle of His, were considerably higher than for any part of the myocardium studied, indicating that the myocardial gradients observed may be related to distribution of the Purkinje fibers.
Phosphorylase values decreased from endocardium to epicardium in a pattern similar to that observed for glycogen, indicating a possible function in association with glycogen concentration.
In the hearts perfused with a glucose-free medium by the Langendorff technique, glycogen diminished throughout the heart, but the general pattern of gradients was preserved. This suggested that glycogen is utilized as an energy source for contraction.
